We employed a sol-gel route followed by a thermal treatment (up to 1000 1C) to prepare crystalline (monoclinic) hafnium dioxide. Thorough steady-state and time-resolved photoluminescence characterization of the material within the temperature range of 10-300 K was conducted by using various excitation sources. The most prominent spectroscopic feature of the material was an intense broad emission band centered at 2.3-2.5 eV with an associated excitation band centered at 4.2-4.4 eV (well below the bandgap of monoclinic hafnia). The emission was characterized by an essentially nonexponential, thermally stimulated decay and exposed a marked blue shift with the increase of temperature from 10 to 300 K. Relation of the emission to the intrinsic defects of hafnia is discussed.
Introduction
Hafnium dioxide (HfO 2 ) together with a number of other widegap high-k materials is actively considered as alternative gate dielectrics to replace silica in microelectronics [1] . Therefore, the nature of defects in hafnia influencing the carrier mobility and trapping, leakage current and other important issues is studied experimentally [2] and theoretically [3, 4] . The luminescence spectroscopy has been recognized as a sensitive technique for probing of the defect states in hafnia [5] [6] [7] [8] [9] . In addition, wide-gap materials like HfO 2 and ZrO 2 could be attractive for luminescence applications in visible and UV spectral ranges where the emission of impurities or intrinsic defects can take place within the optical transparency window of the host and where the mechanisms of thermal quenching of emission inherent to semiconductors are not expected. For example, the matrices have been considered as potential scintillators [6] as well as hosts for rare earth activation in photonics applications [10, 11] .
Several emission bands of ZrO 2 and HfO 2 in the photon energy range of 2-4.5 eV have been noticed depending on the preparation conditions of the sample. The broadband emission centered at 4.4 eV observed in high-quality crystalline material has been ascribed to self-trapped excitons [6] , whereas the origin of lowerenergy bands is still unclear although the various intrinsic or extrinsic defects (especially oxygen vacancies) are the most probable cause [12] . This is also supported by the observation that the UV-excited emission of nanocrystalline zirconia is sensitive to the oxygen content in the ambient [13, 14] . The hafnia films studied so far have been prepared by using either atomic layer deposition [5, 6, 9] , chemical vapor deposition [7, 8] or rf sputtering [9] . Interestingly, markedly different results have been obtained depending on the preparation route indicating the complexity of the defect states in hafnia. The goal of the present work was to characterize the photoluminescence properties of pure hafnia prepared by using the sol-gel method which has not been employed for this kind of study yet.
Samples and experimental
For sol-gel preparation of hafnia powders 1.5 g of dry 1-butanol (refluxed over CaH 2 for 1 h and distilled before use) was mixed with 1.000 g of 45% hafnium(IV) 1-butoxide solution in hexane. In order to induce the initial oligomerization of the alkoxide, 0.0137 g of conc. HCl dissolved in 3.000 g of 1-butanol (water and alkoxide molar ratio R =0.5) was added dropwise into Several setups were used for photoluminescence characterization. Most measurements were carried out by using monochromatized (spectral bandwidth 2 nm) 150 W Hamamatsu xenon lamp for steady state excitation and an OPO light source from Expla Ltd (pulse width 3 ns, pulse energy $20 mJ, repetition rate 20 Hz) for time-resolved measurements. An Utreks-type He-bath optical cryostat was used to vary measurement temperature within 10-300 K. The spectra were recorded by using a spectrograph (Andor SR-303i) equipped with an image-intensified charge coupled device (Andor DH-501) permitting time-resolution down to 5 ns. For measurement of excitation spectra up to 10 eV photon energy, a synchrotron radiation source was employed, whereas the sample was exposed to an ultra-high vacuum (p $ 10 À 9 mbar) in a flow-type He cryostat (see Ref. [6] for details). All spectra were corrected to instrumental response.
ARTICLE IN PRESS
The Raman spectra were recorded by using a Renishaw inVia micro-Raman spectrometer. An argon laser emitting at 514 nm was used for excitation. Spectral resolution of the spectrometer was 1.5 cm
XRD analysis was performed on a Bragg-Brentano diffractometer DRON-1 (Nauchpribor, Russia) by symmetrical coupled y/ 2y step scanning, with CuKa radiation and NaI:Tl scintillation detector. Crystallite size was determined by Voigt analysis of reflections and the LaB6 was used as standard reference material for elimination of the geometrical broadening of reflections.
During the PL measurements as well as heat treatments the powder was placed into a high-quality quartz cuvette.
Results
According to Raman spectra the samples exposed quite good monoclinic structure already after thermal treatment at 600 1C and some enhancement can be noticed after annealing at higher temperatures (Fig. 1) . XRD analysis of the latter sample (Fig. 2 ) reveals almost pure monoclinic phase with an X-ray apparent crystallite size of 29 73 nm. Unless noted otherwise, all luminescence characterization was conducted with sample annealed at 1000 1C.
At low temperatures, the excitation of the material with a photon energy well exceeding the band-gap of monoclinic hafnia (5.7 eV) leads to an emission spectrum consisting of two distinct emission bands located around 2.4 and 4.0 eV (Fig. 3) . The excitation spectrum of the latter band is well-correlated with the fundamental absorption of hafnia. The 2.4 eV emission band, however, has a much more pronounced excitation band centered at 4.2 eV. We note that the excitation well above 4.2 eV leads to somewhat modified spectrum (Fig. 4) . Hereafter the 4.2 eV excitation band is used exclusively for characterization of the emission at 2.4 eV. The 4.0 eV emission band was rapidly quenched as the temperature was raised above 200 K (data not shown). At room temperature, only the 2.4 eV emission survives with no marked quenching. Uncommonly, a significant blue-shift of the emission band was induced by the increase of temperature from 10 to 300 K (Fig. 5) .
A steady enhancement (about 2-3 times) of the 2.4 eV emission band (excited into the 4.2 eV band) was observed as Fig. 1 . The Raman spectra of sol-gel-prepared HfO 2 after heat treatment at 600 and 1000 1C. the annealing temperature was increased from 600 to 1000 1C. Considering the simultaneously observed lengthening of the decay curves (Fig. 6) , the enhancement may be explained by the elimination of some non-radiative relaxation paths.
The decay kinetics of the 2.4 eV emission band is essentially non-exponential and exposes a nearly power-law tail at higher temperatures (Fig. 7) . Most notably, however, there is a strong temperature dependence of the decay kinetics within 150-300 K such that the initial intensity is markedly increased (almost two orders of magnitude), whereas the decay becomes faster. The overall intensity of the 2.4 eV emission band was decreased only about 2 times from 10 to 300 K. Neither the shape of the emission spectrum nor the decay kinetics depended on the photon energy over the 4.2 eV excitation band indicating that the latter is essentially homogeneous.
Discussion
The emission characteristics of HfO 2 observed in the present work are not strictly coincident with any data reported previously. Still, the 4.0 eV emission band behaves fairly similarly to the 4.3 eV emission band of atomic layer deposited hafnia thin films grown at 1200 K [5, 6] . This emission was ascribed to self-trapped excitons. The 2.4 eV emission band may have some relation to the 2.15 eV emission band observed by Jun-Woo et al. on rfsputtered HfO 2 sample annealed at 1000 1C [9] or the 2.7 eV emission band exposed by atomic layer deposited hafnia films grown at 500 1C [5] . The origin of these emission bands is somewhat disputable. Furthermore, the measurements have been performed mainly on thin film samples so that only band-to-band transitions were observed in excitation. However, different emission centers may be involved with differing excitation energies as apparent from Fig. 4 .
The peculiar shape and temperature dependence of the 2.4 eV luminescence decay kinetics suggests that the 4.2 eV excitation band is not due to an intra-center transition but is related to some delocalization of the charge carriers and their following thermally stimulated migration to the luminescence center. Such delocalization would happen in the case of a charge transfer process (from a localized state to the conduction band or from the valence band to a localized level). It is known that oxygen vacancies are the most common defects in metal oxides. Characteristic absorption bands below the fundamental absorption edge have been occasionally detected in HfO 2 and ZrO 2 and attributed to oxygen vacancies [2, 15] . A recent theoretical evaluation of oxygen vacancy species in monoclinic hafnia [3] predicts optical transitions of an electron from valence band to singly ionized vacancy (at 4.67 eV) and doubly ionized vacancy (at 4.91 eV). Furthermore, the presence of ionized vacancies (with electron transfer to oxygen interstitials) is considered to be energetically favorable [4] . So it is reasonable to propose that the excitation band at 4.2 eV may be related to charge transfer transitions from valence band to singly or doubly ionized oxygen vacancies. Probably, as in the case of YSZ [12] , the recombination of a hole in the valence band with the electron trapped at the oxygen vacancy promotes the vacancy in an excited state leading to the observed emission at 2.4 eV.
Below 100 K, the decay kinetics is very long-lasting and barely depends on temperature (Fig. 7) . In this regime, therefore, the recombination is not thermally stimulated. A possible mechanism could be tunneling recombination. Above 100 K, however, the decay kinetics systematically becomes shorter and of higher initial intensity. Although the decay curves are generally nonexponential, the initial temperature-dependent part can be approximated by a single exponent (Fig. 8) . According to the most basic model the afterglow of a phosphorescent material follows a first-order decay I(t)=A exp(À t/t) with the decay time t=s exp(DE/k B T), where DE is a trap depth and s is a frequency factor [16] . From the plot of ln(t) vs. 1/T, we can estimate DE$0.1 eV (see inset of Fig. 8 ). Within the interpretation of the PL mechanism this must be identified as the trapping level for holes in the valence band. More accurate description (covering the whole temporal range PL decay) may require introducing several (or a distribution) of trap states. The second-order process considered in the case of YSZ [12] does not seem to fit the present data which may be due to differing nature or distributions of trapping levels in c-ZrO 2 and m-HfO 2 .
Interpretation of the thermally induced blue shift of the 2.4 eV emission (Fig. 5) seems to be more complicated as a red shift is generally observed in the impurity spectra and in the emission of F-centers. In addition, the blue shift appears to be non-uniform exposing an abrupt transition at about 140 K (Fig. 9) . It is worth noting that the change in the behavior of the decay kinetics also takes place within the temperature range 100-150 K. Considering these facts, the first impression is that the emission is composed of two, somewhat shifted sub-bands which are connected by an activation barrier (about 140 K =100 cm À 1 ). Such sub-bands could be related with oxygen vacancies in different charge states or differently coordinated vacancies in the same charge state. However, such model predicts that both sub-bands should be present at the intermediate temperatures. This is not confirmed by the experiment considering the monotonic increase of the width of the emission band (Fig. 9 ). In addition, there is a clear blue shift visible also in the low-temperature and hightemperature limit. Therefore, we believe that the blue-shift requires a different explanation. Currently we can only propose that it could be related to some configurational change of the emission center or a phase transition.
Finally, we note that we observed nearly identical behavior in the case of sol-gel-prepared ZrO 2 (to be published) which indicates that the emission center is common to the both oxides. The intense emission around 2.4 eV might be useful for application in broadband amplifiers and tunable lasers in the blue spectral range, e.g. in the form of transparent nanoceramics [11] .
Conclusions
The spectroscopic assessment of monoclinic hafnia produced by using a sol-gel method followed by a heat treatment reveals an intense emission band at 2.3-2.5 eV (depending on temperature) with an associated excitation band at 4.2-4.4 eV. Based on the peculiarities of the decay kinetics and the available theoretical predictions, the excitation band was associated with the optical transition of an electron from the valence band to a positively charged oxygen vacancy. The general trends of the temperature dependence of the decay kinetics in the range of 150-300 K could be explained by assuming a first-order process with hole trapping level of $ 0.1 eV. Fig. 9 . Temperature dependence of the peak position and width of the 2.4 eV emission band shown in Fig. 5 . Fig. 8 . Semi-log plot of the nearly exponential parts of the decay curves in Fig. 7 . The inset displays the dependence of ln(t) on 1/T. Straight lines depict linear fits to the data.
The emission band exposed a fairly uncommon blue-shift with the increase of temperature. It seems that the behavior must be attributed to a configurational change of the emission center or a phase transition. Further studies are necessary to resolve the problem.
